When considering star catalogues, either modern or ancient, it is useful to distinguish between the date of the actual star position measurements, which might range over many months or even years, and the epoch of the catalogue, i.e. the date corresponding to the star positions quoted in the catalogue. In order to prepare a catalogue at a particular epoch, the catalogue's author must adjust the star coordinates from their measured values using formulae appropriate to the specific coordinate system of the catalogue. In the case of ecliptical coordinates, Ptolemy writes in the Almagest 1 "For each star (taken by constellation), we give…its position in longitude as derived from observation, for the beginning of the reign of Antoninus [= 137 July 20]…its distance from the ecliptic in latitude… The latitudinal distances will remain always unchanged, and the positions in longitude can provide a ready means of determining the [corresponding] longitude at other points in time, if we [calculate] the distance in degrees between the epoch and the time in question on the basis of a motion of 1º in 100 years, [and] subtract it from the epoch position for earlier times, but add it to the epoch position for later times."
The rate of precession quoted by Ptolemy is not accurate, but the general idea is approximately correct. Thus Ptolemy, and indeed all astronomers up to the late 1500's, believed that simply adjusting the ecliptical longitudes for precession while leaving the latitudes invariant would change the epoch of a catalogue. Tycho Brahe was the first to point out that the latitudes do indeed change with time due to the change in the obliquity of the ecliptic 2 , and later Edmund Halley observed that both the latitudes and longitudes change due to the proper motion of the stars, i.e. the continuous change in relative position of the stars on the celestial sphere 3 . This opens the possibility, then, that by looking carefully at the quoted positions of stars in ancient catalogues, we might be able to learn something about the date of the actual star position measurements.
A recent article 4 in this journal by Dambis and Efremov uses the proper motions of stars to assign a Hipparchan epoch to the star catalogue in the Almagest. Using the 40 fastest moving stars in the catalogue, and considering together the ecliptical longitude and latitude motions, Dambis and Efremov conclude that the catalogue epoch is -89 ± 122 and so the hypothesis of a Ptolemaic epoch of +137 is rejected at a 94% confidence level. This conclusion remains even if 5-10 of the fastest moving stars are omitted from the analysis, although the statistical significance is diminished somewhat. Dambis and Efremov also discuss another method of dating using proper motions, which dates individual stars and then averages those dates, but this method yields inconclusive results.
The claim that proper motions of the stars during the approximately 265-year period between Hipparchus and Ptolemy constrains the epoch of the catalogue measurements is surprising. Table 1 shows the computed change in ecliptical latitude between the years -128 and +137 for the 20 fastest stars. The changes due to proper motion for ecliptical longitude are similar but are complicated due to precession and are not shown. We see that for only the very fastest stars do the changes in these coordinates exceed 10 arcmin, the typical binsize of the Almagest star catalogue. We shall also see that the coordinate changes even for the fastest stars are smaller than the estimated statistical uncertainties (about 23 arcmin for latitudes, see below) in the coordinate measurements in the ancient catalogue. Therefore the conclusion of Dambis and Efremov is problematical, and warrants a careful reexamination.
In order to compare ancient star catalogue data with the predictions for ancient epochs from modern measurements and precession theory, it is useful to have computer files for both the coordinates in the Almagest star catalogue and the modern coordinates, including proper motions, of those same stars. In my case, I began with an on-line copy 5 of the Almagest star catalogue derived from the edition of Manitius, and then I edited the coordinates and the star identifications in that catalogue to bring them into conformance with the more recent edition of Toomer 1 . For the modern star coordinates I have used a subset of the NASA SKY2000 catalogue 6 I cannot be sure that we are all using exactly the same data, but it is very likely that any differences are not affecting our results significantly, since we are both averaging over large numbers of stars.
First, let us summarize the analysis of Dambis and Efremov. The basic idea of their 'bulk method' is to consider a group of N fast stars, to consider the observed differences between the catalogue value of the star coordinates and their values computed for an assumed epoch T 0 (they generally take N = 40 and T 0 = 0), and then to estimate and eliminate the systematic error component in that difference for each star coordinate, thereby isolating the random statistical measurement error. Thus, considering now just the latitudes β, Dambis and Efremov suppose that for each star in the catalogue
where β A is the value recorded in the Almagest star catalog, β c (T) is the value computed for the epoch T using modern star coordinates and precession theory, ∆β sys is the systematic error in the ancient catalogue value, and ε is the random statistical measurement error in the ancient catalogue value. Further, since the proper motion of each star is linear in velocity µ β (at least over the time spans we are considering), the time variation in β c may be taken as
Note that the time dependence of β that results from the variation of the obliquity of the ecliptic is omitted from Eq. (2), but it will cancel in any event in Eq. (5) below. Therefore, defining ∆β(T) = β A -β c (T 0 ), for some reference epoch T 0 , we have:
where the random variable ε has mean zero and variance σ 2 . In order to isolate the systematic error ∆β sys , we consider a number n of nearest neighbor stars of the target fast star (typically n is in the range 2 -16) and we average ∆β over these stars, obtaining <∆β> n = <µ β > n (T -T 0 ) + ∆β sys + ε´
where the random variable ε´ has mean zero and variance σ 2 /n due to the averaging. In fact, Dambis and Efremov compute the median of the n values rather than the mean, since the median is somewhat more robust but still has the 1/n effect in reducing the variance. I follow them in this choice, but I have checked it makes no significant difference in the final conclusions which choice is made. Note also that we assume that the systematic error term is the same for both the target star and each of the nearest neighbor stars, due to their locality on the celestial sphere. We then compute, for each star in the catalogue, the quantity
where the random variable ε΄΄ has mean zero and variance (1 + 1/ n) σ 2 (the 1/n term is actually more like 1.253/n if the median is used instead of the mean). In this way the systematic error term is largely removed at the cost of a small increase in the statistical error. Note also that, as mentioned above, the subtraction of nearest neighbors also eliminates the change in latitude due to the change with time of the obliquity of the ecliptic.
Since Equation (5) is of the form y bx = , ordinary least squares provides a determination of the slope (T-T 0 ), using (µ β -<µ β > n ) as the x-values and ∆ 2 β as the y-values in the fit.
The entire procedure outlined above is also performed for the ecliptic longitudes λ, with the proviso that we always use the quantity λ cos β (and µ λ cos β ) in order to appropriately weight the errors in λ which naturally increase with latitude. Note that the subtraction of the systematic error in longitude also neatly cancels the changes due to precession. Least squares fits 10 are performed for the latitudes and longitudes alone, and with both coordinates together, assuming N=40, n=6, and T 0 =0, with the results when I repeat their analysis as closely as I can (see Figure 1 ). The differences in the various values may be due to a number of factors, such as small differences in our catalogues or the treatment of outliers, but the differences are nowhere significant. Now if we are to trust the conclusion of Dambis and Efremov that the data for both coordinates combined yield T = -89 ± 122, and thus exclude a Ptolemaic epoch at a confidence level of about 94%, i.e. a 1.85σ effect, then we need to be sure that the statistical procedures used are as reliable as possible.
Dambis and Efremov are not explicit in explaining how they dealt with outliers, so I will explain what I did to (nearly) duplicate their results. First, consider all the catalogue stars and eliminate as potential neighbor candidates all those with errors more than three standard deviations from the mean of all the coordinate errors. This eliminates 19 stars in longitude and 18 stars in latitude from consideration as nearest neighbors. Among others, the longitude point for α Cen is omitted.
Second, when considering the data to be fit in Figure 1 , I again impose a 3σ cutoff, but this time σ is computed on just the 80 stars in the fit. This cutoff eliminates the latitude points for α Cen and β CVn. Dambis and Efremov also eliminate the longitude and latitude points for θ Cen, so I follow them, although these points are only about 2.5σ from their means. This treatment of outliers is problematical, and will be discussed in detail below.
The method of Dambis and Efremov proceeds without using any direct information on the statistical errors in the values of ∆ 2 β and ∆ 2 λ cos β. They effectively use the scatter in the 40 or 80 points in their fits to estimate both the epoch of the measurements, i.e. the slope of the fit line, and the uncertainty in that slope. This method therefore both assumes and requires a good linear fit, but it is clear from Figure 1 that the data are not at all linear (the linear correlation is about -0.003, even with α Cen, θ Cen, and β CVn omitted) and the fit explains essentially none of the variance in the data. This is particularly critical in this case, because the method of Dambis and Efremov to estimate the uncertainty in the slope b, and hence the epoch T, effectively assumes a good quality of fit. The danger of proceeding under such a questionable assumption is a well-known hazard.
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If a linear fit is still required, though, then an alternative, and greatly preferable, procedure is to compute the estimated sample variances in ∆ 2 β and ∆ 2 λ cos β for all the stars in the catalogue, excluding outliers, and to use these as the weights in the least squares fits. This does not overcome the objection that the data are not linearly correlated, but it does remove the need to use the scatter in 40 or 80 points to estimate the uncertainty in the slope. In this way we are then assuming only that the statistical error for the fast stars is the same as the statistical error for all the other stars in the catalogue. Of course, this assumption would have to be qualified if the fast stars happened by chance to be isolated into some corner of parameter space that was particularly well measured. For example, it could have been that the fast stars were accidentally clustered near some particularly well-measured constellation in the zodiac. However, I have checked all reasonable possibilities for such accidental bias, and it does not exist. The fast stars were measured just as well, no better and no worse, than the stars as a whole.
The full results for the systematic and statistical errors in latitude and longitude are shown in Figures 2-5. Figures 2-3 show the systematic errors in longitude and latitude for each star for the epoch +137, excluding only those potential neighbor stars whose original positional errors exceed the average catalogue error by more than three standard deviations. For simplicity I show <∆β> n versus λ and <∆λ cos β> n versus λ for n = 6. These plots show the familiar systematic error in λ of about -1º (for the epoch +137), and also the (somewhat) periodic errors in λ and β first noticed by Peters.
12 Figures 4-5 show the values of ∆ 2 β versus λ and ∆ 2 λ cos β versus λ, also for n = 6, and we see that in fact the systematic errors have been removed as promised. This removal is insensitive to the value assumed for n. The standard deviations σ λ and σ β for all the data in for the fits to the latitude, longitude, and combined data, respectively. The reason that the errors are now so much larger than we found earlier is that the original errors were essentially controlled by the standard deviations of the values of ∆ 2 λ cos β and ∆ 2 β for just the 80 fast stars, after a 3σ cutoff on just those 80 stars, and the elimination by hand of another two points for θ Cen as discussed above. These standard deviations are about 16 and 13 arcmin, respectively, compared to about 26 and 23 arcmin for the full catalogue sample. Thus we see that when the data are analyzed using the complete information on the errors, the uncertainties on the estimated parameters grow large. These fits clearly do not exclude either a Hipparchan or a Ptolemaic epoch for the star catalogue measurements.
It is highly questionable, however, whether the epochs implied by any of the fits have any value, since there is clearly no linear relation visible in the data shown in Figure 1 .For any set of points, then, the fitted date is just the weighted average of the individual dates. It is clear that because of the absence of any linear relation in the data, the dates vary so widely and irregularly that no firm conclusion can be drawn from the average of the dates.
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In summary, the analysis of Dambis and Efremov errs in substantially underestimating the random measurement errors in their data, and hence they get a smaller confidence interval on the epoch implied by their fits than is really justified. When the directly determined estimates of the random errors are used, the confidence interval determined is so large that the Hipparchan and Ptolemaic epochs cannot be distinguished. It is very likely, however, that the method proposed by Dambis and Efremov for separating the systematic and statistical errors in the star coordinate measurements will be useful in other investigations of the star catalogue.
The history of the star catalogue of the Almagest is long and complex, and over many hundreds of years numerous authors have debated when and by whom the star coordinates were measured. A fairly complete account of the history of the discussion up until about the mid-1980's is given by Grasshoff 13 , and several commentaries since then can be found both in this journal 14 and in the journal DIO 15 . This paper, and the paper of Dambis and Efremov, looks only at using proper motions to try and distinguish the epoch of the star coordinate measurements. Other methods, such as looking at the pattern of fractional endings of the coordinates 16 , the pattern of systematic errors in the catalogue 17 , or the correlation between a star's magnitude and its inclusion or omission from the catalogue 18 , are all independent and must be judged on their own merits. It appears doubtful, however, that considerations of proper motions can shed light on the issues. 
